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Identifying universal properties of non-equilibrium quantum states is a major challenge in modern
physics. A fascinating prediction is that classical hydrodynamics emerges universally in the evolution
of any interacting quantum system. Here, we experimentally probe the quantum dynamics of 51
individually controlled ions, realizing a long-range interacting spin chain. By measuring space-
time resolved correlation functions in an infinite temperature state, we observe a whole family of
hydrodynamic universality classes, ranging from normal diffusion to anomalous superdiffusion, that
are described by Lévy flights. We extract the transport coefficients of the hydrodynamic theory,
reflecting the microscopic properties of the system. Our observations demonstrate the potential for
engineered quantum systems to provide key insights into universal properties of non-equilibrium
states of quantum matter.
Universality in equilibrium asserts that microscopic de-
tails are irrelevant for the emergent quantum phases of
matter and their transitions. Rather, symmetries and
topology determine the essential macroscopic properties.
By contrast, all scales, from low to high energies, are
relevant for quantum systems which are driven far from
their thermal equilibrium. Recent experimental progress
in engineering coherent and interacting quantum sys-
tems made it possible to create and explore exotic non-
equilibrium states, which can exhibit unconventional re-
laxation dynamics [1–6], dynamical phases [7–12], and
transitions between them [13, 14].
Despite this wealth of observed quantum phenomena, a
common anticipation is that classical hydrodynamics of a
few conserved quantities emerges universally for any com-
plex quantum system, as strong interactions entangle and
effectively mix local degrees of freedom [15, 16]. However,
verifying this assumption, and furthermore determining
the non-universal transport coefficients of the emergent
hydrodynamic theory for specific systems is challenging.
Recently, enormous efforts have been devoted to detect
hydrodynamic transport in quantum gases [17–20] and
condensed matter systems [21–24]. While transport is
generally expected to be diffusive, a variety of largely un-
explored classes of hydrodynamics have been predicted
theoretically including anomalous subdiffusive [25, 26]
and superdiffusive transport [27–29].
In this work, we experimentally probe the dynamics
of a long-range quantum magnet, realized in a quantum
simulator of 51 individually controlled ions. We develop
a protocol to measure space- and time-resolved spin cor-
relations in an engineered infinite temperature state, en-
abling us to experimentally establish that hydrodynam-
ics emerges in the non-equilibrium quantum state. By
tuning the long-range character of the interactions, we
observe a whole family of hydrodynamical universality
classes, ranging from normal diffusion to anomalous su-
perdiffusion.
The (pseudo-)spins of our quantum system are re-
alized with two electronic states of the 40Ca+ ion:
|S1/2,m = +1/2〉 as |↓〉 and |D5/2,m = +5/2〉 as |↑〉.
The quantum state of individual ions is controlled by
a tightly focused, steerable laser beam capable of ad-
dressing any ion in the string, in conjunction with a laser
beam that collectively interacts with the ions. A two-
tone laser field realizes approximately power-law decay-
ing Ising interactions between the (pseudo-)spins by off-
resonantly coupling motional and electronic degrees of
freedom of the ion chain. Application of a strong trans-
verse field energetically penalizes spin non-conserving
contributions [30]. The effective dynamics is then de-













where J and α determine the strength and the range of
the spin-spin interaction, respectively [31]. They can be
tuned by varying the amplitude and frequency of the two-
tone laser field. Further experimental details are given in
the supplementary materials [32], Sec. I-IV.
Conservation laws determine the macroscopic late-time
dynamics of quantum systems. In the long-range XY




j is conserved, which
constrains the relaxation of spin excitations at late times.
The long-range couplings enable transport of spin exci-
tations over many lattice sites. As a consequence, the
effective dynamics is expected to be governed by classi-
cal Lévy flights comprised of long-distance jumps [29], il-
lustrated in Fig. 1A. These long-distance jumps become
irrelevant when the variance of the step size of excita-
tions is finite. In our model this is the case for α > 3/2,
implying conventional diffusion. However, the variance
diverges for α ≤ 3/2 [33] and hydrodynamics is expected
to be described by the anomalous diffusion equation


















































FIG. 1. Emergent hydrodynamics in a long-range quantum magnet. A) In our system, the dynamics of a locally
created spin excitation is effectively governed by a hydrodynamic theory of Lévy flights, which are random walks with step sizes
drawn from a distribution with algebraic tails. This occasionally leads to long-distance jumps of the excitation. B) The family
of hydrodynamic universality classes can be tuned by the power-law exponent α of the spin-spin interactions. C) We measure
infinite-temperature correlations by averaging over initial product states while preparing the central ion deterministically in the
same state (blue box); [32] Sec. II. Picture of three exemplary initial states in a chain of 40Ca+ ions (|↑〉 dark spots, |↓〉 bright
spots). White squares (circles) indicate the intended preparation of |↑〉 (|↓〉), achieved with 99% fidelity per ion. D) Measured
auto-correlations (green squares) for 51 ions and α = 1.1 (gray line: guide to the eye). Error bars, denoting the standard error
of the mean are smaller than the symbols (Sec. V [32]). At short times (red shading), the spin excitation quickly relaxes to
a local equilibrium state. At late times (blue shading) global conservation laws constrain the relaxation of spin excitations,
leading to a slow power-law decay of the auto-correlations. Insets: Auto-correlations on a double logarithmic scale for different
values of α highlighting the tunable transport. Gray dashed lines are power laws with the predicted exponent from Lévy flights.
Here, J = 248 rad/s, 129 rad/s, and 116 rad/s for α = 0.9 (51 ions), α = 1.1 (51 ions), and α = 1.5 (25 ions).
with Dα denoting the associated transport coefficient;
[32], Sec. VIII. Therefore, transport is modified by the
long-range character of the interactions, ranging from
conventional diffusion over superdiffusion to a regime in
which the spins are so strongly connected that the lattice
geometry becomes irrelevant, and a mean-field regime
is entered. The predicted dynamical phase diagram is
shown in Fig. 1B.
Hydrodynamic transport is most directly probed by
creating a spin excitation at time t = 0 in the center of
the chain and tracking how it propagates in space and
time, as measured by the unequal-time correlation func-
tion
Cj(t) = 〈σ̂zj (t)σ̂z0〉T=∞. (3)
Over the course of the quantum dynamics, the initial ex-
citation has to scatter off a highly excited background in
order to quickly reach the hydrodynamic regime. There-
fore, we measure Cj(t) at infinite temperatures T with
magnetization ∼ 0.
Both, measuring spin correlations at different times
and preparing an infinite temperature state is difficult
in isolated, engineered quantum systems. We overcome
these challenges by expressing the infinite temperature
expectation value as an equally weighted trace over prod-
uct states |φ〉 in the σ̂z basis; Sec. X [32]. When prepar-
ing the central spin in the same polarization, we have
σ̂z0 |φ〉 = + |φ〉; Fig. 1C. The correlation function can
then be directly evaluated as Cj(t) ∼ 〈φ1|σ̂zj (t)|φ1〉 +
〈φ2|σ̂zj (t)|φ2〉 + . . .. It can be accurately obtained by
sampling a finite number of initial product states; Sec.
X [32]. Yet, for a comparatively small and experimen-
tally accessible number of initial states, large statistical
fluctuations are expected in the measured correlations.
We remove these fluctuations by sampling pairs of con-
jugate product states, |φ〉 and |φ〉, where in the second
configuration all spins are flipped except for the central
one. For each pair of product states, initial correlations
are unity in the center of the system while being zero else-
where, reproducing directly this property of the full trace;
see first two initial states in Fig. 1C. With this proce-
dure, convergence is already achieved for a small number
of initial product states; Sec. X [32]. For α = 0.9 and 1.1
(α = 1.5), we create 60 (120) initial product state config-
urations each of which is realized, evolved, and measured
for 50 to 200 times.
The auto-correlation function C0(t) determines the
residual excitation in the center of the chain. We mea-
sure C0(t) for 51 ions; Fig. 1D. The relaxation dynamics
occurs in multiple stages. A local equilibrium is reached
already after a few collisions with the abundant exci-
tations of the infinite temperature state. As a conse-
quence, at short times the auto-correlation exhibits a
rapidly damped oscillation. At later times the system en-
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FIG. 2. Spatial correlation profiles. Spatially resolved correlations for A) α = 1.5 and B) α = 1.1. The spatial correlations
are measured at short times (left), intermediate times (middle), and in the hydrodynamic late-time regime (right). STE:
analytic short-time expansion, ED: exact diagonalization accessible only for the shorter chain of 25 ions. In the hydrodynamic
regime (right) the measured profiles are compared to predictions from Lévy flights. The spatial profile in A) is compatible
with a Gaussian (dashed) and in B) with a Lorentzian (solid), as supported by the reduced χ2 values of the fit: A) χ2L = 3.9,
χ2G = 1.3; B) χ
2
L = 1.1, χ
2
G = 3.6 (obtained by fitting over the central 27 sites).





FIG. 3. Contrasting the infinite temperature background with the spin polarized background. A) The deter-
ministically prepared excitation of the central ion strongly interacts with all the other excitations of the infinite temperature
background and slowly spreads through the system following the laws of classical hydrodynamics. B) By contrast, a single
excitation on top of the fully down-polarized state |↓ · · · ↓↑↓ · · · ↓〉 has no other excitations to scatter off and therefore spreads
freely, exhibiting quantum interference patterns. Data is measured for 25 ions with power-law exponent α = 1.5.
ters the hydrodynamic regime and eventually approaches
a global equilibrium through the slow rearrangement of
spin excitations constrained by the conserved magnetiza-
tion. The power-law decay of the correlations becomes
manifest on a double logarithmic scale; see insets for var-
ious values of α. Our experimental data is consistent
with the hydrodynamic theory of Eq. (2), which predicts
a power-law exponent of 1/(2α − 1). Exploiting the ex-
perimental control over the long-range exponent α, hence
enables us to tune the transport from normal diffusion to
anomalous superdiffusion.
A more stringent test of the emergent hydrodynamics
is obtained from the full spatial correlation profile; Fig 2.
We realize the long-range spin model for α = 1.5 with 25
ions and for α = 1.1 with 51 ions. At early times (3.1ms)
the quantum dynamics is well-described by an analytic
short-time expansion of the equations of motion ([32] Sec.
IX). At intermediate times (14.1ms), the excitation starts
spreading through the system, but some quantum coher-
ence remains, indicated by the spatial oscillations. For
25 ions, the measured dynamics compares well with re-
sults obtained from exact diagonalization, demonstrating
the coherence of our quantum system; Sec VII [32]. For
the 51 ion chain a comparison to exact diagonalization is
not possible due to the exponential growth of the Hilbert
space, reaching a dimension of 251 ≈ 1015.
At the latest times shown, interactions have entan-
gled local degrees of freedom with the rest of the sys-
tem. Quantum interference patterns are averaged out
and the hydrodynamic regime is entered. This becomes
even more apparent in the space-time correlations; Fig.
3A. By contrast, a single excitation on top of a spin-
polarized state cannot scatter, and the associated cor-
relations exhibit coherent space-time oscillation patterns
instead [30]; Fig. 3B.
The theory of Lévy flights predicts the following scaling
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FIG. 4. Extracting transport coefficients. At late times the correlations exhibit a self-similar scaling, relating space and
time with a microscopic transport coefficient Dα. Rescaled correlations τxCj(t) as a function of rescaled space j/τx, where
τx = (Jt)
1/(2α−1). A) α = 0.9, 51 ions, B) α = 1.1, 51 ions, and C) α = 1.5, 25 ions. Correlations are shown for times Jt > 5
(darker colors correspond to later times).








where Fα is given by the family of stable symmetric dis-
tributions [33]. The scaling between space and time en-
tering the distribution Fα can be deduced directly from
the generalized hydrodynamic equation (2). The distri-
bution Fα cannot be expressed in terms of elementary
functions, except for α = 3/2, where a Gaussian indicates
conventional diffusion, and α = 1, where a Lorentzian
appears.
The measured hydrodynamic profiles are compatible
with a Lorentzian for α = 1.1 (Fα=1.1 is still very close
to a Lorentzian) and with a Gaussian for α = 1.5, see
χ2 analysis in Fig. 2 (right panels), in agreement with
Eq. 4.
One of the most striking predictions of hydrodynam-
ics is the self-similar scaling of the correlations, relating
time and space by a universal dynamical scaling expo-
nent, given by 1/(2α− 1), and a non-universal constant,
the transport coefficient Dα. In analogy with the univer-
sal scaling of correlation functions near a second-order
equilibrium phase transition, the hydrodynamic scaling
indicates the proximity of the dynamics to a thermal
fixed point. While the scaling form of the data is uni-
versal and can be predicted from purely hydrodynamic
reasoning, the transport coefficient Dα depends on the
full quantum many-body spectrum and is therefore chal-
lenging to predict from analytical or numerical meth-
ods. From a scaling collapse of the experimental data,







−0.7 for α = 0.9, 1.1, 1.5 (Sec.
VI [32]).
Large, coherent quantum systems with local control
provide key insights into fundamental properties of non-
equilibrium quantum states. In our experiment, we mea-
sure the emergent macroscopic hydrodynamics in an in-
finite temperature state of a strongly interacting spin
chain; a regime that is notoriously challenging to describe
by controlled analytical or numerical calculations. By
measuring the full spatio-temporal profile of the hydro-
dynamic scaling functions, we experimentally establish
a tunable family of transport ranging from conventional
diffusion to anomalous superdiffusion.
An exciting prospect is to investigate transport in mod-
els with enhanced symmetries, which can be realized in
our setting by suitably designed Floquet protocols [34].
Moreover, our tools for measuring high-temperature cor-
relations can be readily applied to other quantum devices
with local control, including quantum gas microscopes,
Rydberg atom arrays, and superconducting qubits. New
classes of hydrodynamics can be realized and probed in
that way.
Note added : During the completion of this manuscript,
we became aware of related work demonstrating superdif-
fusive transport in an integrable Heisenberg chain with
nearest-neighbor superexchange interactions [35].
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The experiments are performed with a string of 40Ca+
ions confined in a linear radiofrequency trap. For con-
fining long ion strings, the trapping potential is made
strongly anisotropic, with oscillation frequencies of 2.93
MHz and 2.898 MHz in the radial plane, and an axial
trapping frequency of 126.3 kHz (126.6 kHz) for trap-
ping 25 ions (51 ions). At the above stated confining
frequencies, the 25-ion (51-ion) string has a length of 173
µm (247 µm). (Pseudo-)spins are encoded in superposi-
tions of 4S1/2,m = 1/2 and 3D5/2,m = 5/2 electronic
states and coherently manipulated by a frequency-stable
laser at 729 nm coupling to the quadrupole transition.
A low-noise magnetic field of 4.17 Gauss produced by an
assembly of SmCo magnets is used to lift the degeneracy
of the Zeeman states.
At the beginning of each experiment, all transverse
collective modes of the ion string are cooled close to the
ground state by sideband cooling on the S1/2 ↔ D5/2
quadrupole transition. The axial modes are polarization-
gradient cooled to sub-Doppler temperatures and the ions
are prepared in the S1/2,m = +1/2 state by frequency-
resolved optical pumping [36].
At the end of each experimental run, a quantum state
measurement projecting onto the (pseudo-)spin basis
states is carried out by spatially resolved measurements
of the ions’ fluorescence emitted on the S1/2 to P1/2 tran-
sition. The state assignment error probability is below
10−3 per ion.
II. INITIAL STATE PREPARATION
Preparation of the (pseudo-)spins in the desired initial
product states is achieved by using a spin-echo sequence
that combines resonant laser pulses coupling to all spins
with nearly the same strength and off-resonant pulses ad-
dressed to individual spins that are sandwiched between
the global pulses. For a 25-ion crystal, the state prepa-
ration starts with a set of composite π/2 pulses that pre-
pares all calcium ions in an equal superposition of the
4S1/2,m = 1/2 and 3D5/2,m = 5/2 electronic states. A
tightly focused laser beam, with beam radius of about 2
µm, is steered over the ion string (ion spacing > 4 µm)
with an acousto-optic deflector. Pre-calibrated address-
ing pulses are placed in a specific order within the two
halves of the spin-echo sequence such that errors resulting
from cross-talk while addressing neighbouring ions are
minimized. The pulse sequence is completed by rotating
the unaddressed (addressed) ions to the S (D) state by
the second global π/2 pulse. For a 51-ion crystal, we per-
form the above described sequence but on 4S1/2,m = 1/2
and 3D5/2,m = −3/2 electronic states before restoring
the population to the desired qubit states. Due to the
restriction of the polarization angle and beam geome-
try, we only achieve optimum off-resonant coupling, thus
short interaction times, with the addressing beam while
working on 4S1/2,m = 1/2 and 3D5/2,m = −3/2 states.
Composite laser pulses: Ions are collectively ex-
cited with an elliptically shaped laser beam with a beam
diameter of about 470 µm, which is shone over the ion
string of length 247 µm from the transverse direction of
the ion string. This leads to a non-uniform illumination,
resulting in spatially dependent rotation angles of the
ions when performing the global single qubit rotations.
In our experiment, we reduce the impact of these unequal
rotations of the spins by employing Composite pulse se-
quences [37]. The Composite pulse sequences for θ = π/2










4 σx . (6)
Off-resonant rotations with a tightly focused
beam: The tightly focused off-resonant laser beam is
used in conjunction with the global laser beam. Pulse
length and laser intensity of the addressing beam are cho-
sen such that the specific ions are prepared in the desired
quantum states with a single ion fidelity of about 99%.
Addressing of 51(25) ions, required about 0.5(0.25) ms
of interaction time, which is much shorter than the co-
herence time (∼ 50 ms) of our system, hence the initial
state is well protected against any decoherence effects.
Slow spatial drift of the ion string along the weak confin-
ing axis, which impacts the quality of addressing opera-
tions, is corrected on-the-fly by routinely measuring the
ion positions and consecutively applying compensating
potentials to the trap electrodes. Laser beam intensities
of both global and addressing laser beams are stabilized
via a sample and hold intensity stabilization technique.
Furthermore, the addressing pulse lengths are routinely
calibrated and corrected against any unwanted slow vari-
ations.
Product state fidelities: Fig. 5 shows initial state
preparation fidelities of the 25-ion and 51-ion strings.
Each spin is prepared in the desired up/down basis states
with about 98.8%(99.3%) fidelity, which corresponds to
a fidelity of about 73%(70%) of the desired product state
for a 25(51) ion string.
III. ENGINEERED SPIN-SPIN INTERACTION
AND MANY BODY DYNAMICS
Spin-spin interactions are engineered with a two-tone
laser beam inducing Mølmer-Sørensen type interactions;
i.e. the laser off-resonantly couples to both the lower and
upper vibrational sidebands of all 2N collective motional
modes describing the ion motion in the plane that is nor-
mal to the direction of an N -ion string. The tunable
long-range coupling is provided by a specific choice of
laser parameters that generates a long-range Ising-type
spin-spin interaction with a coupling strength approxi-
mately described by a power-law [38, 39]. The laser beam
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FIG. 5. Initial state preparation fidelities of the A) 25-ion and B) 51-ion strings. Individual ions are prepared in spin up/down
states with about 99% fidelity. Blue bars indicate the magnetization of the center ion whereas red bars indicate the total
magnetization of all other ions.
FIG. 6. Spin-spin interaction matrix terms displayed for A) α = 0.9, B) α = 1.1, and C) α = 1.5. Bars in red represent
experimentally realized interaction elements and bars in blue represent the interaction elements that are approximated by a
power law.
is elliptically shaped and elongated along the axis of the
ion string to provide near-uniform illumination over the
ion string. Unwanted light shifts, which occur due to
the presence of other electronic transitions, are compen-
sated with a third laser beam that is mixed with the
two-tone laser beam [30]. The laser beam propagates
from the transverse direction of the axis of the ion string
and imparts a near flat waveform over the ion string,
which otherwise can have adverse effects in the laser-ion
interaction.
The engineered spin-spin interaction, for B  J gives













where exponent α and strength of the spin-spin interac-
tion J can be tuned by changing the detuning and in-
tensity of the entangling laser beam. The experimentally
realized Hamiltonian slightly differs from the power law
expression given in equation 7. The exact spin-spin ma-









where ηjm is the Lamb-Dicke parameter of the j
th ion and
the mth motional mode. ∆m is the detuning of the two-
tone laser field from the motional mode of interest and Ωi
is the Rabi frequency of the ith ion. The detuning of the
laser beams from the vibrational sideband ranges from a
few tens of kHz for the center-of-mass (COM) mode to
about 1.5 MHz for the lowest-frequency mode, resulting
in effective spin-spin interactions that decay with dis-
tance between the spins. The structure of the coupling
matrix can be experimentally controlled by varying the
laser detuning from the COM mode and the anisotropy
of the trapping potential. A comparison between the
approximated power law and experimentally realized in-
teraction Hamiltonian is shown in Fig. 6 for all three α
values that are used in the main manuscript. The figure
displays a small mismatch between the power-law inter-
action of eq. 7 and the effective interaction realized in
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FIG. 7. A) Experimental spread of excitation as a function of entangling laser-ion interaction time for α = 1.1 (51 ions). Here
we initialize the middle ion as spin-up and remaining ions as spin-down. B) Numerical simulations performed for the same
experimental conditions.
the trapped ion systems [39], which is inherently present
in any the laser-ion interaction. Additionally, due to
technical reasons, a non-uniform illumination of the laser
beam over the ion chain alters the spin-spin interaction
and slightly weakens the interactions of the spins at the
ends of the chain. The numerical simulations presented
in the main manuscript are performed for the experi-
mentally realized spin-spin interaction which includes the
non-uniform laser intensity over the ion string.
The engineered entangling interaction is experimen-
tally tested by time evolving an initial state where the
middle ion (remaining ions) is initialized in a spin-up
(spin-down) state. In Fig. 7(a) we show dynamics
of spin excitation for α = 1.1. We compare the ex-
perimental results with numerical simulations that we
carry out in a subspace where the magnetization is con-
served, see Fig. 7(b) and find a good agreement at early
times whereas some discrepancy is visible at late times.
This discrepancy is attributed to decoherence effects that
arise from non-perfect initial state preparation and non-
conservation of magnetisation, discussed in the following
section.
IV. DECOHERENCE EFFECTS
While experimentally realizing the spin-spin Hamilto-
nian, the system undergoes some unwanted decoherence
effects that can alter the dynamics. In this section, we
describe the two major decoherence channels that are
important for the initial state preparation and dynamics
with long ion strings. The first one is dephasing noise,
which arises from laser frequency/phase noise and fluctu-
ating magnetic fields. Jointly, they reduce the coherence
time of our spins. Most importantly, the superposition,
which is an essential step for individual control of the
spins for preparing arbitrary product states, decays due
to the dephasing noise. The laser frequency noise is re-
duced by locking the laser to an ultra-stable reference
cavity. The trap setup is placed inside a mu-metal shield
to suppress the magnetic field noise. The overall coher-
ence time of the system is about 50 ms. Furthermore,
we reduce the impact of the dephasing noise by apply-
ing spin-echo sequences. While these effects play an im-
portant role for the state preparation, the dynamics is
not affected, as we work in the decoherence-free-subspace
in which the spins are protected against the dephasing
noise.
The second type of decoherence that spins experience
can be described by amplitude damping and depolariza-
tion channels. Due to the finite lifetime of the metastable
state D5/2 (τ ∼1 s), in which our spin-up state is en-
coded, decays to the S1/2 electronic state. In addition to
this decay channel, the spins experience unwanted exci-
tation/decay due to the bichromatic laser field coupling
to the motional sidebands. These processes violate the
conservation of magnetization that would be expected
from the flip-flop interaction of eq. (7). We experimen-
tally measure the spin-flip rates for the experimental con-
ditions that are used in the main manuscript. In Fig.
8 we show magnetization variation as a function of in-
teraction time for a 51-ion chain. Here, we model two
spin flip rates: spontaneous decay of the excited state
Γ and the laser induced spin flips rate γflip, similar to
what has been described in reference [10]. The model
assumes that the spin-flip rate due to incoherent laser-
ion coupling does not depend on the spin orientations.
The flip rates that we extract by fitting the experimen-
tal data are γflip = 0.78/s and Γ = 0.91/s. These two
competing processes in the end give rise to a dominating
decay of the spins that are encoded as spin up over those
are encoded as spin down. For the measurements that
are presented in this manuscript, we remove the biased
decay of the excitation to leading order by preparing a
second set of initial states, where the central spin is pre-
pared in a |↓〉-state and average over the two distinct sets
of initial states.
The magnetization decay model, which we assumed
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FIG. 8. Magnetization variation as a function of interaction
time. Filled circles are experimental data points and solid
lines are fitted to the experimental data. Here we randomly
sample the initial states while keeping the total magnetiza-
tion to be +1. The measurement protocol is identical to the
one we described in Fig. 1 of the main manuscript. Error
bars are estimated to be 1/
√
Nm, where Nm is number of
measurements.
for fitting of the experimental data, considers that all
the ions have the same spin flip rate. However, we ex-
perimentally observed that this rate depends slightly on
the position of the ions in the string. The exact mech-
anism underpinning this effect is still under investiga-
tion. We speculate that the spatially dependent laser-
ion interactions, coupling to the low-frequency motional
modes of the ion chain, could induce such adverse effects.
Most importantly, cross-frequency components that arise
while producing the entangling laser beam could excite
motional modes which in an ideal scenario should be sup-
pressed. Fig. 9 displays one of these artifacts which is
observed while time evolving a spin state with all spins
prepared in spin-down orientation. It may be noted that
the magnetization varies the most for the middle ions
in comparison to the outer ions. Ideally, the Hamilto-
nian does not couple this state to any other states hence
we expect the state to be unaltered. However, due to
the incoherent spin flips the total magnetization of the
time evolved state changes with the interaction time. We
further investigate the impact of spatially dependent in-
coherent processes in our current study of emergent hy-
drodynamics. In Fig. 10, we show the correlation func-
tion that we experimentally measure at t = 40 ms. The
measurement sequence is identical to that has been de-
scribed in Fig. 1 of the main manuscript, except that
we exchange the encoding of ion number 26th with the
first ion in the 51-ion string. Note that the current mea-
surements reveal no signature of unwanted variation of
the magnetization which signifies the robustness of the
measurement protocol against magnetization errors.
FIG. 9. Position dependent variation of the magnetization
of a 51-ion chain after 40 ms of entangling operation. Here,
all the ions are prepared in a spin-down product state before
switching on the entangling interaction.
FIG. 10. Correlation measurements shown for 51 ions after
40 ms of entangling operation, while storing the excitation at
one of the edges of the ion string. The experimental sequence
is identical to that has been discussed in the main text.
V. ERROR ESTIMATION
For the present measurements, the experimental er-
ror bars for an individual ion are estimated from the
quantum projection noise model [40]. In our experi-
ment, we repeat the measurements Nm times for each
initial state. Each initial state is chosen from a uniform
random distribution function that samples the individ-
ual spin state with an equal probability of spin-ups and
spin-downs, while restricting the total magnetization of
the whole system to be +1. The measurements are per-
formed Nu times. The mean standard deviation of mea-
surements for ith ion, while preparing the initial state
|Φu〉 =
⊗N




where piu is the probability of finding the i
th ion, pre-
pared in |φiu〉 state, in the measurement basis. We further
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FIG. 11. Spatio-temporal evolution of the correlations for A) α = 0.9 (51 ions), B) α = 1.1 (51 ions) and C) α = 1.5 (25 ions).
Dashed lines represent projection of each curve in the ‘XZ’ and ‘YZ’ planes.
propagate this formula for the auto-correlation function
described in Eq. (3) of the main text and estimate the










To extract transport coefficients from the experimental









where Dα represents the transport coefficient and the ex-
ponent β determines the rate at which auto-correlations
decay with time. Fα are the stable symmetric distribu-
tions defined in Eq. 19 below.
Fitting of scaling functions: In Fig. 2 of the main
text we fitted a normalized Lorentzian and Gaussian to
the data points which are finite within error bars. Hence,
the full profile was fitted for α = 1.5, while the fit was
restricted to the central 27 sites for α = 1.1.
Extraction of diffusion coefficients: In Fig. 4
of the main text, we used the expected values for the
exponent β = 1/(2α − 1) to rescale the data. We then
fitted the Ansatz in Eq. 11 to the rescaled data to extract
the diffusion coefficient Dα. The error bars are deduced
by taking into account the uncertainty in extracting the
α parameters.
Spatio-temporal evolution of correlations: The
unscaled spatio-temporal evolution of correlations for all
three α values are shown in Fig. 11.
VII. AUTO-CORRELATION FUNCTION
In Fig. 12 we compare the experimentally measured
auto-correlation function with an exact simulation for the
25 ions chain, finding excellent agreement.
FIG. 12. Auto-correlation function from experiment and ex-
act diagonalization (ED). In ED we used the experimental Jij
matrix for α = 1.5 and L = 25 as well as the 240 initial states
used in the experiment.
VIII. ANOMALOUS TRANSPORT FROM LÉVY
FLIGHTS
Transport in the long-range XY model (7) is described
by Lévy flights [29]. The Hamiltonian connects states
with an up spin at site i and a down spin at site j, |↑i↓j〉,
with the opposite configuration |↓i↑j〉. As these states
have equal energy, we can use Fermi’s golden rule to es-
timate the transition probability for a spin exchange as




with λ ∝ J2. Moreover, Wi→j = Wj→i ≡ Wij . Hence,
we can construct a classical Master equation for the spin




Wij(fj − fi), (13)
where the first and second term on the right hand side
are the “gain” and “loss” terms, respectively.
We can solve this equation by Fourier transforming to
momentum k and taking both a continuum and infinite
11
system size limit while retaining a short-distance cutoff
of unity, leading to
∂tfk = Wkfk, (14)








where cα = −2Γ(1 − 2α) sin(απ) and Γ is the Gamma
function. Solving Eq. (14) and Fourier transforming back






The exact form of the solution crucially depends on the
value of α. In the following, we discuss the three cases
shown in the dynamical phase diagram in Fig. 1, main
text.
Diffusion for α ≥ 1.5: In this case, the second term
in Eq. (15) dominates. Inserting Wk into Eq. (16), we
find







with a diffusive Gaussian profile G(y) =
exp(−y2/4)/
√
4π and diffusion coefficient Dα =
λ/(2α − 3). The long-range character of the transition
rates only shows up in subleading corrections, leading to
algebraic tails of the distribution function [29, 41].
Superdiffusion for 0.5 < α < 1.5: In this case, we
get








with Dα = λcα. The distribution function Fα is given by








which only has a known elementary solution for α = 3/2
(Gaussian) and α = 1 (Lorentzian).
Mean-field regime for α < 0.5: For α < 0.5,
the system enters the mean-field (or unstable transport)
regime. Here, a consistent hydrodynamic description is
no longer possible in the thermodynamic limit, as re-
vealed by the diverging transition rates in Eq. (15) for
k → 0. Instead, the system forms a zero-dimensional
“quantum dot” rather than a one-dimensional chain, and
relaxes to thermal equilibrium instantaneously [29, 42],
due to the non-local nature of the interactions. This be-
havior can be best understood from the limit of all-to-all
interactions α = 0, allowing to rewrite the Hamiltonian in




In the thermodynamic limit, the diverging spin eigen-










FIG. 13. Comparing the evaluation of the full trace with
sampling of product initial states. Data obtained from exact
diagonalization on an L = 19 chain with α = 1. For product
state sampling, we used M = 240 initial states, for full trace
we used 10 Haar-random states.
IX. SHORT TIME EXPANSION
















j + h.c.). (21)
We expand σ̂zi (t) in the Heisenberg picture,
σ̂zi (t) = e
iĤtσ̂zi e
−iĤt



















When evaluating the commutators and taking the trace,



























ik for i = j
t2J2ij for i 6= j
. (22)
In Fig. 3 of the main text we used the explicit Jij
matrix determined from the laser parameters in the ex-
periment to obtain the short time expansion.
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X. PRODUCT STATE SAMPLING OF THE
TRACE
The infinite temperature correlation function in Eq.
(3) of the main text can be written as






















with the partition sum Z = Tr[e−Ĥ/T ]|T=∞ = 2L for
























σ0 〈σ−L2 · · ·σL2 |σ̂
z
j (t)|σ−L2 . . . σL2 〉 ,
(27)
where σj = ±1. We have therefore reduced the evalu-
ation of a two-time correlation function to the weighted
sum of single-time functions using product initial states,
which can be realized in the experiment. In order to
evaluate Eq. (27) exactly, all 2L product states in the z-
basis would have to be prepared, time evolved and mea-
sured to then obtain Cj(t) from the weighted sum. In
practice, however, it suffices to sample a small number
M ≈ 10− 100 [29] of product states to evaluate Eq. (27)
while replacing Z → M . In the main text, we con-
sidered the largest sector with magnetization ∼ 0. In
Fig. 13 we compare the sampling of the largest sector to
the exact results of the thermal expectation value. The
full trace is evaluated using the typicality approach [43],
which involves evolving Haar-random states |ψr〉 in the
entire Hilbert space and then averaging over 5− 10 such
states.
To further improve the convergence of the sampling of
Eq. (27) we prepare the conjugate configuration for each
randomly drawn product state. In the conjugate state, all
spins are flipped except for the central one. This choice
of initial states reduces statistical noise by reproducing
the exact property Cj(0) = δj,0 of the full trace for each
pair of initial states.
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